Abstract. We present spring and summer volatile organic compound (VOC) emission rate measurements from Norway 12 spruce (Picea abies L. Karst) growing in a boreal forest in southern Finland. The measurements were conducted using 13 in situ gas-chromatograph with 1to 2-hour time resolution ) concomitant with highest linalool emissions. The between-tree variability of emission 20 pattern was studied by measuring seven different trees during the same afternoon using adsorbent tubes. Especially the 21 contributions of limonene, terpinolene and camphene were found to vary between trees, whereas proportions of α-and 22 β-pinene were more stable. SQT emissions contributed more than 90 % of the ozone reactivity most of the time, and 23 about 70 % of OH reactivity during late summer. The contribution of aldehydes was comparable to the OH reactivity 24 of MT during late summer, 10 %-30 % most of the time. 25 26
Introduction 27
Vegetation produces and emits vast amounts of biogenic volatile organic compounds (VOCs), especially in the densely 28 forested boreal regions (Hakola et al., 2001 (Hakola et al., , 2006 Tarvainen et al., 2005) , which are mainly monoterpenes (MT), 29 sesquiterpenes (SQT) and oxygenated volatile organic compounds (OVOCs). In the atmosphere these compounds are 30 oxidized, which affects the tropospheric ozone formation (Chameides et al., 1992 ) and contribute to the lifetime of 31 methane. In addition reaction products of VOCs also participate in the formation and growth of new particles (Tunved 32 et al., 2006) . 33
In smog chamber studies secondary organic aerosol (SOA) yields for different hydrocarbons and even for different 34
In the present study we conducted on-line gas-chromatographic measurements of emissions of MT-and SQTs as well of individual MTs gas-chromatograph mass-spectrometer (GC-MS) allows sensitive detection of SQTs, which is often 52 difficult to perform under field conditions. The on-line measurements were considered essential for evaluating the 53 factors affecting emission rates, for example their temperature and light dependence. Our campaigns cover periods of 54 years 2012, 2014 and 2015 during spring and summer, altogether about 14 weeks. In 2015 also carbonyl compounds 55 were added to the measurement scheme, since there is no earlier data of their emissions. 56 105 where E(T) is the emission rate (µg g -1 h -1 ) at leaf temperature T and β is the slope (Guenther et al. 1993) . ES is 106 the emission rate at standard temperature TS (usually set at 30 °C). The emission rate at standard temperature is also 107 called the emission potential of the plant species, and while it is sometimes held to be a constant it may show variability 108 related to e.g. season or the plant developmental stage (e.g. Hakola et al. 1998 Hakola et al. , 2001 Hakola et al. , 2003 Hakola et al. , 2006 ; Tarvainen et al. 109
2005, Aalto et al 2014). 110
The slope value β is typically obtained from experimental data. Based on literature reviews, the value 0.09 is normally 111 recommended to be used in MT emission modelling (Fehsenfeld et al. 1992; Guenther et al. 1993) . In this work we 112 have carried out nonlinear regression analysis with two fitted parameters, arriving at individual slope values for the 113 modelled compounds during each model period. The compounds analysed with the temperature dependent emission 114 rate were the sum of MTs, the sum of SQTs, the sum of aldehydes and acetone. 115
Besides the temperature-dependent nature of the biogenic emissions, light dependence has been discovered already in 116 early studies of plant emissions (e.g. the review of biogenic isoprene emission by Sanadze 2004 and e.g. Ghirardo et 117 al 2010). The effect of light on the emission potentials is based on the assumption that the emissions follow similar 118 pattern of saturating light response which is observed for photosynthesis (Guenther et al. 1993 ). The formulation of 119 the temperature effect is adopted from simulations of the temperature response of enzymatic activity (Guenther et al. 120 1993 
Chemotype measurements 141
In order to estimate the between-tree variability there was between the trees, we conducted a study in 2014, where we 142 made qualitative analysis from six different spruces growing in a same area not farther than about 10 metres from each 143 other. All the trees were about 1 m high and naturally regenerated from local seeds. When also the tree that was 144 continuously measured in that day was added to the analysis, we had altogether 7 trees for this qualitative analysis. A 145 branch was enclosed in a Teflon bag and after waiting for 5 minutes we collected a sample on a Tenax tube and 146 analysed later in a laboratory. The samples were taken during one afternoon on 24 June 2014. 147
Calculating the reactivity of the emissions 148
We calculated the total reactivity of the emissions (TCREx) by combining the emission rates (Ei) with reaction rate co 149 In 2011, the spring was early and warm. According to the statistics of the Finnish Meteorological Institute the thermal 158 spring started during the first three days of April, with the average temperatures exceptionally high and very little 159 precipitation. The same pattern continued in May, but the weather turned more unstable towards the end of the month, 160 with more rains and cooler night temperatures. The average temperature in June was a little over two degrees higher 161 than normal, and there were some intense thunderstorms. Table 2 shows the mean temperatures and rain amounts 162 during each measurement month. 163
In 2014, the weather conditions in May were quite typical, with the average temperatures close to the long-term average 164 values. June started with a warm spell, but towards its end the weather was exceptionally cold, and the average 165 temperatures in June were 1 to 2 degrees lower than usual. July was exceptionally warm in the whole country. 166
In 2015, the June average temperatures were again 1 to 2 degrees below the long-term averages, and there were more 167 rain showers than normally. In July the cold spell and rainy days continued, but in August the warmth returned, with 168 the average temperature 1 to 2 degrees above the long-term average values. August also had exceptionally little rain. 169
Variability of the VOC emissions 170
Since most of the emission rates of the measured compounds were higher in late summer than in early season, we 171 calculated the spring (April and May), early summer (June to mid-July) and late summer (late July and August) mean 172 emissions separately. This described the emission rate changes better than monthly means. Seasonal mean emission 173 rates of isoprene, 2-methyl-3-buten-2-ol (MBO), MT and SQT are presented in Table 3 August and late summer mean emission rate was 6 ng g(dry weight) -1 h -1 . The highest daily maxima isoprene emissions 179 were about 70-80 ng g(dw)
-1 h -1 , but usually they remained below 20 ng g(dw) -1 h -1 . MBO emission rates were even 180 lower than isoprene, the late summer mean was 2.4 ng g(dw)
-1 h -1 . MT emission rates were also low in April, May and 181 still in the beginning of June for every measurement year, below 50 ng g(dw)
-1 h -1 most of the time. At the end of June 182 the MT emission rates started to increase (about 30 %) to the level where they remained until the end of August, the 183 sum of MT daily maxima still remaining below 300 ng g(dw)
-1 h -1 . 184
A substantial change in the emission patterns took place at the end of July, when SQT emission rates increased up to 185 3-4 times higher than the MT emission rates at the same time (Table 3) . Such a change in emissions was not observed 186 in a study done in a spruce forest in Germany by Bourtsoukidis et al. (2014b fold and that of SQTs more than 30-fold. Emissions followed a pronounced diurnal rhythm with the maximum amount 217 released during the light period, suggesting that they are induced de novo after treatment. Our study shows that such 218 major changes in emission patterns can also occur in mature trees in field conditions, and without any clear visible 219 infestations or feeding, indicating that they probably are systemic defence mechanisms rather than direct ones (Eyles 220 et al 2010). 221
In 2015 we measured also acetone and C4-C10 aldehyde emission rates. The total amount of the measured carbonyl 222 compounds was comparable to the amount of MTs (Table 3) show similar temperature dependent variability with maxima during the afternoon and minima in the night. The SQT 231 daily peak emissions were measured two hours later than MT and aldehyde peaks. 232
Tree to tree variability in emission pattern 233
When following the emission seasonality, we discovered that the MT emission patterns were somewhat different 234 between the two trees measured. The tree measured in 2011 (tree 1) emitted mainly α-pinene in May, whereas the tree 235 measured in 2014 and 2015 (tree 2) emitted mainly limonene in May. As summer proceeded the contribution of 236 limonene emission decreased in both trees and the share of α-pinene increased in tree 2. The relative abundance of 237 measured compounds in the spruce emission is presented in Table 4 we made qualitative analysis from six different spruces growing in a same area (labelled in Fig. 2 as tree 3 -tree 8). 247
When also the tree that was continuously measured in that day was added to the analysis, we had altogether 7 trees for 248 this qualitative analysis. The results for MT emissions are shown in Figure 2 . SQT emissions were not significant at 249 that time. As expected, the MT emission pattern of the trees was quite different; terpinolene was one of the main MT 250 in the emission of four trees whereas tree 2 did not emit terpinolene at all and tree 3 only 3 %. Also limonene and 251 camphene contributions were varying from few percent to about third of the total MT emission. All the measured trees 252 emitted rather similar proportions of α-and β-pinene. The shares of myrcene, β-pinene and 3-carene were low in every 253 tree. Since different MTs react at different rates in the atmosphere, the species specific measurements are necessary 254 when evaluating MTs influence on atmospheric chemistry. This study and the study of Scots pine emissions by Bäck 255 et al. (2012) show that species specific measurements are necessary, but also that flux measurements as more 256 representative than branch scale emission measurements and averaging over larger spatial scale may be better suited 257
for air chemistry models. 258
Standard emission potentials 259
The standard emission potentials were obtained by fitting the measured emission rates to the temperature dependent 260 pool emission algorithm (equation 2) and the light and temperature dependent algorithm (equations 3-5) described in 261 approach with a hybrid algorithm, where the emission rate is described as a function of two source terms, de novo 271 synthesis emissions and pool emissions, was also tested. However, the results were not conclusive. 272
The standard emission potentials of isoprene, the selected MT and SQT, acetone and C4-C6 aldehyde sums are presented 273 in Table 5 . Emission potentials are given as spring, early summer, and late summer values. The spring months include 274
April and May, early summer corresponds to June and the first half of July, and late summer to the last half of July and 275
August. The coefficient of determination (R 2 ) is also given, even though it is an inadequate measure for the goodness 276 of fit in nonlinear models (e.g. Spiess and Neumeyer, 2010) . A more reliable parameter for estimating the goodness of 277 fit is the standard error of the estimate, which are also given. 278
The summertime emission potentials of MT and SQT reflect the typical behaviour of the temperature variability in 279 summer, with low emissions in spring and high emissions in the higher temperatures of late summer. The variability 280 of the emission potential during the growing season and between the individual compounds is large, with lower values 281 in spring and higher in late summer. In late summer limonene and α-pinene had highest emission potentials. SQT 282 exhibit a similar behaviour with very low springtime and early summer emission potentials while the late summer 283 emission potential is high. 284
This is the first time we have applied fitting the traditional temperature-based emission potential algorithms to 285 measured carbonyl emissions, and based on the spruce emission results, the approach appears to be applicable also on 286 these compounds. The best fit was obtained with the temperature dependent algorithm. The temporal variability of the 287 emission potential was similar to MT-and SQTs. Unfortunately, acetone and aldehyde measurements were only carried 288 out during the last measurement campaign, but the emission pattern possibly indicates a midsummer maximum, 289 because emissions were clearly identified in June, and already decreasing in late July-August. The isoprene emissions, 290 fitted with the light and temperature emission algorithm, also reflect the light/temperature pattern of summer, with low 291 emissions in spring and high emissions in late summer. 292
In late summer when isoprene emissions were a bit higher the emission model fits the data better and the emission 293 potential for isoprene was 49 ng g(dw)
-1 h 
Total reactivity emissions 302
The relative contribution from each class of compounds to the total calculated reactivity of the emissions TCREOH and 303 TCREO3 is depicted in Fig. 3 . Nitrate radicals are likely to contribute also significantly to the reactivity, but since the 304 reaction rate coefficients were not available for the essential compounds like β-farnesene, the nitrate radical reactivities 305 are not shown. SQT are very reactive towards ozone and they clearly dominate the ozone reactivity. Isoprene 306 contribution is insignificant all the time towards ozone reactivity, but it contributes 20-30 % of OH reactivity, although 307 the emission rates are quite low. SQT dominate also OH reactivity during late summer due to their high emission rates, 308 but early summer MT are equally important. Contribution of acetone to the TCREOH was very small (~0.05% of total 309 reactivity), but reactivity of C4-C10 aldehydes was significant, averagely 15% and sometimes over 50% of the TCREOH. 310
Of the aldehydes decanal, nonanal and heptanal had the highest contributions. It is also possible to measure total OH 311 reactivity directly and in the total OH reactivity measurements by Nölscher et al. (2013) 
the contribution of SQTs in 312
Norway spruce emissions also in Hyytiälä was very small (~1%). This is in contradiction to our measurements, where 313 we found very high share of SQTs (75% in late summer). Nölscher et al. (2013) found also very high fraction of 314 missing reactivity (>80%) especially in late summer. Emissions of C4-C10 aldehydes, which were not studied by 315 emissions took place at the end of July. In August SQT were the most abundant group in the emission, β-farnesene 322 being the most abundant compound. SQT emissions increased simultaneously with linalool emissions and these 323 emissions were suggested to be initiated due to some stress effects. SQT contributed most to the ozone and OH radical 324 reactivity. Acetone and aldehyde emissions were highest in July, when they were approximately at the same level as 325
MT. C4-C10 aldehydes contributed as much as MT to the OH reactivity during late summer, but early summer only 326 about half of the MT share. References 338
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